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In Situ Kinetics Reveal the Influence of Solvents and
Monomer Structure on the Anionic Ring-Opening
Copolymerization of Epoxides
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In-depth understanding of copolymerization kinetics and the resulting
polymer microstructure is crucial for the design of materials with well-defined
properties. Further, insights regarding the impact of solvents on
copolymerization kinetics allows for precisely tuned materials. In this regard,
in situ 1H NMR spectroscopy enables precise monitoring of the living anionic
ring-opening copolymerization (AROP) of ethylene oxide (EO) with the
glycidyl ethers allyl glycidyl ether (AGE) and ethoxy vinyl glycidyl ether (EVGE),
respectively. Determination of reactivity ratios reveals slightly higher reactivity
of both glycidyl ethers compared to EO, emphasizing a pronounced
counterion chelation effect by glycidyl ethers in AROP. Implementation of
density functional theory (DFT) calculations further illustrates the
complexation capability of ether-containing side groups in glycidyl ethers, in
analogy to crown ethers (“crown ether effect”). Investigation of the
copolymerization in i) THF-d8 and ii) DMSO-d6 shows an increasing disparity
of reactivity ratios for both glycidyl ethers compared to EO, clearly related to
decreasing solvent polarity.

1. Introduction

In depth kinetic studies of the statistical copolymerization of dif-
ferent monomers have received renewed interest in recent years,
particularly for living polymerization techniques. In this case,
reactivity ratios mirror the monomer gradients along the chain
and thus “mapping” of the chain composition from initiator to
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chain end is feasible. Besides controlled
radical polymerization, living anionic poly-
merization (LAP) remains the most effi-
cient method for the synthesis of well-
defined copolymers with narrow molec-
ular weight distributions and controlled
monomer gradients. Detailed understand-
ing of the compositional profile of the
comonomers along the polymer chains is
of key importance in gradient or tapered
copolymers to adjust the thermal properties
in bulk[1–6] and consequently to control the
morphology[1,4,7] and properties of the re-
sulting materials.

To date, common methods for the evalu-
ation of reactivity ratios and the correspond-
ing comonomer gradient in the copolymer
chains formed have relied on the determi-
nation of the comonomer content at differ-
ent stages of copolymerization. After termi-
nation at different stages of the reaction,[8,9]

samples were analyzed by gas chromatog-
raphy to determine residual monomer

content.[10] These monitoring techniques are time-consuming,
often rather difficult to implement and may hold uncertainties
due to missing reproducibility, since the data are obtained from
different polymerization experiments. In comparison, triad anal-
ysis via 13C inverse gated (IG) spectroscopy[11,12] is a reliable
method for the determination of the global microstructure, but a
large variety of samples must be synthesized for correct assign-
ment and evaluation of the corresponding triads. In addition, it is
not possible to derive the gradient structure. More recently, in situ
monitoring via near infrared (NIR) spectroscopy[7,13,14] was estab-
lished as a feasible analytical tool to directly correlate the poly-
merization kinetics with the copolymer microstructure for car-
banionic copolymerization. The in situ methods advantageously
permit to follow the mean composition over the whole conver-
sion range, that is, at all given chain positions, resulting in a full
compositional profile of the copolymers.[7,15] For instance, the in-
fluence of temperature[7] and polar additives[13,14] on the compo-
sitional drift and steepness of the gradient in isoprene/styrene-
based tapered block copolymers, synthesized via carbanionic
copolymerization, was recently investigated in great detail via
NIR spectroscopy.
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The rather slow polymerization kinetics of the anionic
ring-opening polymerization (AROP) in polar aprotic solvents
facilitates NMR spectroscopic monitoring at room temperature.
This has been exploited to follow the monomer consumption
of epoxides[16–22,12,23] as well as activated aziridines[24–27] via
in situ 1H NMR spectroscopy. Depending on the comonomer
employed, the copolymerization of EO with monosubstituted
epoxides may result in rather different polymer microstructures.
For instance, preferred addition of EO over alkylene oxides[19]

and glycidyl amines[16] to the active chain end has been ob-
served. In anionic copolymerization with EO, both propylene
oxide (rEO = 2.8, rPO = 0.25)[11] and butylene oxide (rEO = 6.46,
rBO = 0.148) exhibit significantly lower reactivities compared
to EO.[22] In contrast, the copolymerization of EO with various
glycidyl ethers (GE) generally revealed an almost ideally ran-
dom distribution of the comonomer units along the polyether
backbone.[17,20,28,21] Considering the underlying reactivity ratios,
r, and rate constants, k (rEO = kEO,EO/kEO,GE, rEO = kGE,GE/kGE,EO),
this copolymerization behavior necessitates kEO,EO = kGE,EO as
well as kGE,GE = kEO,GE and thus the product rEO·rGE equals
unity. Consequently, non-terminal models, for example, the
Jaacks method[29] can be employed to investigate the underlying
copolymerization kinetics in AROP.[28,23,17]

In addition to the chemical nature of the monomers, the polar-
ity of the solvent and its potential interaction with the counterion
affects the kinetics of AROP copolymerization. EO or substituted
epoxides have been investigated with regard to polymerization
kinetics in different aprotic polar solvents ranging from linear
and cyclic ethers[30–33] to polar solvents like dimethyl sulfoxide
(DMSO)[34–38] and hexamethylphosphoramide (HMPA).[36,39] De-
pending on the polarity of the solvents, ion pairs were observed
as reactive species in ethers,[33,31] whereas free ions were found to
be present in the case of the more polar DMSO[40] and HMPA.[39]

Nevertheless, although the homopolymerization kinetics in these
solvents is well understood, the influence of the solvent on the
copolymerization kinetics of EO with monosubstituted epoxides
remains largely unexplored.

In 2011, our group investigated the microstructure of copoly-
mers consisting of ethoxy vinyl glycidyl ether (EVGE) and EO
copolymerized with cesium alkoxides in THF via 13C NMR triad
analysis. The post-polymerization analysis revealed a random
distribution of EVGE units along the polymer backbone while
no specific reactivity ratios were calculated.[41] One year later,
Lynd, Hawker and coworkers reported a novel initiator-based
method for the calculation of the reactivity ratios based on post-
polymerization 1H NMR spectroscopy. Here, the AROP copoly-
merization of EO and monosubstituted epoxides, namely EVGE
and allyl glycidyl ether (AGE), was investigated in THF with
potassium alkoxides as active chain ends.[42]

To the best of our knowledge, merely the variation of the re-
activity ratios in the presence of electron donors has been inves-
tigated in detail for the copolymerization of epoxides to date.[10]

Further, online monitoring of the comonomer consumption dur-
ing copolymerization of EO with EVGE/AGE has not been com-
pared in-depth regarding the influence of substituents as well as
solvent variation.

In the current work we utilize in situ 1H NMR kinetics to eval-
uate and compare the reactivity ratios of the copolymerization of
EO with EVGE and AGE, respectively, both in tetrahydrofuran-

d8 (THF-d8) and DMSO-d6 as solvents (Scheme 1). DFT calcula-
tions were employed, leading to an in-depth understanding of the
copolymerization kinetics.

2. Results and Discussion

2.1. Impact of Solvents on Copolymerization Kinetics of EO and
Glycidyl Ethers

The anionic ring-opening polymerization (AROP) of epoxides is
often performed in polar solvents to achieve ion pair separation
and consequently accelerate the polymerization. DMSO with a
dipole moment of 3.96 D is the solvent with the highest polarity
that can be utilized in AROP, besides the carcinogenic HMPA,
which was not used in this study for safety reasons. Thus, DMSO
can be considered as the ideal polar system with a high extent of
ion dissociation and free ions as the active species.[40] On the con-
trary, THF exhibits a lower dipole moment of 1.63 D and accord-
ingly is a less polar solvent implemented in AROP, permitting
only partial dissociation of alkali metal alkoxides.[43] The reactive
species of the alkoxide chain ends in THF can be characterized
as ion pairs. These ion pairs are in equilibrium with unreactive
aggregates,[31] and polymerization in THF most likely mimics the
behavior in bulk polymerizations of epoxides. Therefore, DMSO
and THF represent a strongly polar and a comparably nonpolar
example to perform AROP of epoxides. Although several stud-
ies targeting the copolymerization of EO with various substituted
epoxides have been conducted in either THF, DMSO, or mixtures
of both, their influence on the copolymerization kinetics has not
been compared in a detailed manner to date. Based on this lack
of data, we elucidated the impact of solvent polarity on the incor-
poration of different epoxides in the polyether during the copoly-
merization of EO with monosubstituted epoxides via in situ 1H
NMR kinetics. To this end, model copolymerization reactions of
EO with the two typical glycidyl ethers AGE and EVGE, respec-
tively were performed, initiated by potassium benzyl alkoxide at
45°C in DMSO-d6 and THF-d8, respectively. Potassium benzyl
alkoxide was selected as initiator as a commonly employed ex-
ample in AROP.[44,42] By recording one spectrum every 30 s, the
monomer consumption was monitored over time (Figure 1, top),

As shown in Figure S1, Supporting Information, in DMSO,
the copolymerization of EO with AGE and EVGE exhibits high
propagation rates, with a half-life (50% conversion) of the respec-
tive glycidyl ether of 13 (AGE) and 20 min (EVGE), respectively.
A plot of comonomer consumption versus total conversion, as
shown in Figure 1 (bottom), shows that in both cases the glycidyl
ether is incorporated slightly faster than EO.

Implementation of the Jaacks equation[29] enabled the calcula-
tion of reactivity ratios for both copolymerizations with a coeffi-
cient of determination (R2) of 0.9995 (AGE) and 0.998 (EVGE),
respectively (Figure S2, Supporting Information). The Jaacks
model is a non-terminal, integrated model for ideal copolymer-
izations that originates in the simplification r1 = r2

–1 and relies
on the linearization of the Meyer–Lowry equation. The latter is
applicable, if the rate of monomer incorporation does not show
a strong dependence on the identity of the terminal unit, but on
the nature of the reacting monomers. Its strength lies in the re-
duction of potential errors caused by overfitting. The implemen-
tation of the non-terminal model is further justified by DFT cal-
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Scheme 1. Copolymerization for P(EO-co-AGE) and P(EO-co-EVGE), initiated by potassium benzyl alkoxide in DMSO-d6 and THF-d8.

Figure 1. Top: in situ 1H NMR kinetics of the anionic copolymerization of EO with AGE in DMSO-d6 (left) and with EVGE (right), initiated by potassium
benzyl alkoxide at 45 °C; bottom: conversion of both comonomers versus total conversion.

culations, as discussed in a later section. Note that reactivity ra-
tios are defined as r1 = k1,1/k1,2 and r2 = k2,2/k2,1 with index
1 representing EO and 2 the respective glycidyl ether. Both gly-
cidyl ethers demonstrate rate constants of kAGE,AGE > kAGE,EO and
kEVGE,EVGE > kEVGE,EO, resulting in the preferential incorporation
of AGE and EVGE in the early stages of the copolymerization.
The herein performed in situ kinetic experiments in DMSO con-

sequently revealed reactivity ratios of rEO
DMSO = 0.92 ± 0.002

and rAGE
DMSO = 1.08 ± 0.002 as well as rEO

DMSO = 0.81 ± 0.001
and rEVGE

DMSO = 1.23 ± 0.002. Collectively, the copolymerization
of EO and AGE in DMSO shows nearly ideally random character,
whereas the copolymerization with EVGE results in a very slight
gradient microstructure. Based on the obtained reactivity ratios,
the molar composition diagrams FGE versus total conversion il-

Macromol. Chem. Phys. 2023, 224, 2200209 2200209 (3 of 7) © 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 2. Top: in situ 1H NMR kinetics in THF-d8 of the anionic copolymerization of EO/AGE (left) and EO/EVGE (right), initiated by potassium benzyl
alkoxide at 45 °C; bottom: consumption Mx,t/Mx,t = 0 versus total conversion for P(EO-co-AGE) (left) and for P(EO-co-EVGE) (right).

lustrate the close to random (AGE) and slight gradient (EVGE)
microstructure (Figure S3, Supporting Information).

Subsequently, analogous in situ 1H NMR kinetic experiments
were performed in THF to determine the polymerization kinet-
ics of ion pairs in equilibrium with unreactive aggregates. As ex-
pected, in THF both copolymerizations revealed significantly de-
creased propagation rates compared to DMSO, leading to half-
lives of 17.3 h (AGE) and 7.6 h (EVGE), respectively (Figures 2
and Figure S4, Supporting Information). The experiment was not
carried out to full conversion due to limited measurement time.
Nevertheless, the amount of data points reaching >70 % conver-
sion ensures a reliable evaluation of reactivity ratios by the Jaacks
equation (R2 of 0.997 (AGE) and 0.992 (EVGE)) (Figure S5, Sup-
porting Information).

The differences in reactivity between EO and both glycidyl
ethers are notably more pronounced in THF in comparison to
the polar DMSO system, albeit without changing the overall
trend. Accordingly, reactivity ratios were determined as rEO

THF =
0.78 ± 0.001 and rAGE

THF = 1.29 ± 0.002 as well as rEO
THF =

0.48 ± 0.004 and rEVGE
THF = 2.05 ± 0.015. In THF, both copoly-

merizations exhibit soft gradient microstructures, illustrated in
the molar composition diagrams (Figure S6, Supporting Infor-
mation). In the case of P(EO-co-EVGE), the gradient determines
the nature of the terminal units, consisting almost exclusively of
EO repeating units, which can be important for further trans-

formation of the chain end. The investigated polymerizations in
DMSO as well as THF resulted in polymers of low to moderate
dispersities (Ð < 1.19) (see Figure S7, Supporting Information).

A summary of the evaluated reactivity ratios compared to the
values reported by Lynd, Hawker and coworkers[42] based on a
different method, that is, the end-group dyad (EGD) method as
well as the current results of our group evaluated by 13C NMR
triad analysis (for EVGE)[41] is given in Table 1. The reactivity ra-
tios evaluated for the copolymerization of EO and AGE in THF
are in good agreement for both methods (in situ and EGD), while
the error is decreased for in situ kinetics due to the large amount
of data points. However, the copolymerization of EO and EVGE
shows a pronounced discrepancy when comparing the different
methods. The EGD analysis yielded a more pronounced reactiv-
ity of EVGE compared to the established in situ method as well as
the 13C NMR triad analysis. Analysis via EGD enables facile and
quick first access to reactivity ratios subsequent to several poly-
merization experiments via 1H NMR spectroscopy, but it relies
on the first monomer addition steps at the initiator. In contrast,
in situ experiments reveal online results with a multitude of data
points over minutes up to hours reaction time, however necessi-
tating a demanding reaction set-up within the NMR spectrome-
ter. Nevertheless, the calculated reactivity ratios are independent
of the nature of the utilized initiator and enable precise results
with low error values, notably up to full monomer conversion.

Macromol. Chem. Phys. 2023, 224, 2200209 2200209 (4 of 7) © 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Table 1. Reactivity ratios evaluated by in situ 1H NMR experiments using the Jaacks method,[29] by EGD[42] and 13C triad analysis.[41]

Monomer Method Solvent rEO rEO
err rGE rGE

err rEO × rGE R2

AGE Jaacks DMSO 0.92 0.002 1.08 0.002 1.00 0.9995

Jaacks THF 0.78 0.001 1.29 0.002 1.00 0.997

EGD THF 0.54 0.03 1.31 0.26 0.71 -

EVGE Jaacks DMSO 0.81 0.001 1.23 0.002 1.00 0.998

Jaacks THF 0.48 0.004 2.05 0.015 1.00 0.992

EGD THF 0.32 0.10 3.50 0.90 1.12 -

triad analysis THF rEO ≈ rGE ≈ 1

Figure 3. Complexation of potassium by EO chain end with EO, AGE, and EVGE calculated by DFT.

2.2. Impact of Transition State on Monomer Reactivity

The described results demonstrate that the influence of cation
complexation on monomer reactivities during the polymeriza-
tion is more pronounced in THF rather than DMSO. Following
these findings, we postulate a transient “crown ether-effect” of
the investigated glycidyl ethers, causing the enhanced reactivity
of both glycidyl ethers compared to EO in THF, as also mentioned
by Lynd, Hawker et al.[42] It is a known phenomenon that the ad-
dition of 18-crown-6, a cyclic oligo(ethylene glycol) consisting of
six EO repeating units, strongly complexes potassium cations in
THF.[45] The distance of two methylene units between the oxy-
gens of 18-crown-6 is similarly found for the three oxygens in
EVGE. Based on this rationale, a preferential combined com-
plexation of the potassium cation with EVGE monomer and the
alkoxide of the propagating chain via chelation can be hypothe-
sized and investigated by quantum chemistry methods, namely
density functional theory (DFT) (Figure 3, right). In contrast, EO
exhibits only one coordination site per monomer and therefore
a lower complex coordination constant with potassium cations.
Consequently, this results in a higher probability to find EVGE
rather than EO in the chain segments close to the initiator, ex-
plaining the preferential incorporation of EVGE (rEVGE > rEO) dur-
ing chain propagation. The chelation of potassium cations is less
pronounced for AGE, as only two possible coordination sites are
present in each AGE monomer (Figure 3, center). Therefore, the
stability constant of AGE complexes is lower than that of EVGE,

but still somewhat higher than for EO, resulting in a merely
slightly preferred addition of AGE to the chain end in THF (rAGE
> rEO).

The propagating chain ends of the three investigated
monomers were simulated using DFT calculations. As visualized
in Figure S8, Supporting Information, the presence of a glycidyl
ether, namely AGE or EVGE, as an ultimate or penultimate re-
peating unit of the growing chain allows for a complexation by
not merely the backbone oxygens of the former epoxide moiety,
but also by the glycidyl ether’s side chain. In the case of AGE,
the number of oxygens potentially coordinating to the potassium
counterion equals the number of coordinating atoms when the
backbone aligns with the counterion. On the contrary, with the
two oxygen atoms of the side chain of EVGE, the propagation
chain end with (pen)ultimate EVGE units further saturates the
complexation sites of the potassium counter ion. As discussed,
the coordination capability of the monomers to be added follows
the trend EO < AGE < EVGE (Figure 3).

The enhanced coordination of the potassium counterion by
the monomer going from EO and AGE to EVGE was observed
as a local energy minimum. Hence, the inherent entropic bene-
fit is a determining factor for the preferred chelation of the potas-
sium cation. Furthermore, we compared the electron densities of
the electrophilic methylene groups of the epoxides calculated by
DFT, which are attacked by the alkoxide during polymerization.
Since the bond angles of the different epoxides and hence the ring
strain of the monomers are comparable, the electron density is

Macromol. Chem. Phys. 2023, 224, 2200209 2200209 (5 of 7) © 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Table 2. Partial charges of the unsubstituted methylene carbon of the epox-
ide moiety of the monomers ethylene oxide (EO), allyl glycidyl ether (AGE),
and ethoxy vinyl glycidyl ether (EVGE) calculated by DFT without taking
solvation into account or rather in THF and DMSO using CPCM.

System EO AGE EVGE

Vacuum −0.285 e −0.251 e −0.251 e

THF −0.275 e −0.242 e −0.249 e

DMSO −0.273 e −0.240 e −0.243 e

the pivotal parameter for the monomer reactivity. In Table 2, the
partial charges of the three monomers simulated in vacuum as
well as in THF and DMSO are given, using the implicit solvation
model CPCM.

Both investigated glycidyl ethers exhibit lower electron density
at their electrophilic carbon relative to EO. The trend is further
decreased for all epoxides with increasing dipole moment of the
respective solvent. Consequently, the partial charges give a first
indication for preferential incorporation of the glycidyl ethers at
the chain end compared to EO. The observed trend in monomer
reactivity is further verified by evaluating the electron densities
of the electrophilic epoxide methylene groups once coordinated
to the propagating chain end, (see Table S1, Supporting Informa-
tion).

This is in accordance with the observed trend from the in situ
1H NMR kinetic experiments. Surprisingly, the unsubstituted
methylene carbon of AGE exhibits a higher electrophilicity than
the respective carbon of EVGE in all solvents. Considering the
afore described reactivity ratios, the potassium complexation of
glycidyl ethers appears to be the major contributing factor to the
copolymerization kinetics in THF, rather than the electrophilic-
ity itself. These findings suggest that the monomer, but not the
respective chain, primarily affects the incorporation with its spe-
cific complexation behavior. This further supports the implemen-
tation of the non-terminal model for the determination of reac-
tivity ratios by in situ 1H NMR measurements.

Additional considerations are required to understand the im-
pact of solvent polarity on the differences of the reactivity ratios in
THF and DMSO (rGE

DMSO and rGE
THF). Compared to THF, DMSO

is a solvent with a high dipole moment. The resulting high polar-
ity of the solvent allows an excellent dissolution of ions. There-
fore, free ions are the primary active species, which mainly con-
tribute to propagation.[40] The strong solvation effect of DMSO
has a documented impact on complexes, for example, it is known
to decrease the stability constants of crown ether complexes.[46]

This influence is clearly visible when comparing the reactivity
ratios obtained via in situ 1H NMR measurements in the dif-
ferent solvents. In DMSO, only a slightly preferred incorpora-
tion of EVGE over EO is observed. Therefore, the previously pro-
posed crown ether-effect of EVGE in THF (Figure 3) is less pro-
nounced in the case of DMSO. This is additionally confirmed
by the increasing rEO values from THF (0.57) to DMSO (0.81)
and the increasing similarity of rEVGE

DMSO (1.23) and rAGE
DMSO

(1.08). The described influence of DMSO is equally observed in
the copolymerization of EO with AGE, resulting in an almost ide-
ally random copolymerization with rEO ≈ rAGE. Similar values of
the reactivity ratios were previously reported by our group for the

copolymerization of ethoxyethyl glycidyl ether (EEGE) with EO in
DMSO under AROP conditions.[17]

In summary, variation of the chemical structure of a glycidyl
ether, for example, the addition of an ethylene glycol spacer at
the monomer side chain, has a distinct influence on the behav-
ior of epoxide monomers in the copolymerization with EO and
consequently the microstructure of the resulting copolymers. In
this context, the choice of solvent thus has a pronounced effect
on the copolymerization reaction kinetics.

Further, the choice of a non-polar solvent enables the synthesis
of “EO-rich” terminal segments within the polymer microstruc-
ture. If post-modification of the 𝜔-terminus is desired, a de-
creased reactivity of EO in copolymerization leads to an increase
of primary hydroxy functionalities in the resulting polyether.
Consequently, the reactivity of the polyether copolymers for post-
modification reactions is largely enhanced.

3. Conclusion

With this study we aim at a general understanding of the an-
ionic ring-opening copolymerization kinetics of ethylene oxide
(EO) with glycidyl ethers (GE), relying on online 1H NMR moni-
toring of the reaction. Allyl glycidyl ether (AGE) and ethoxy vinyl
glycidyl ether (EVGE) were chosen as typical and synthetically
valuable representatives of glycidyl ether monomers, and copoly-
merization was carried out either in THF or DMSO. Online 1H
NMR kinetics enables in situ monitoring of monomer consump-
tion, leading to precise and reliable determination of reactivity
ratios by common non-terminal models. Both investigated gly-
cidyl ethers exhibited slightly higher reactivity ratios than EO in
DMSO as well as in THF. However, the reactivity difference in-
creased with reduced solvent polarity. These results further em-
phasize the crown ether effect and the underlying multidentate
cation complexation as the driving force for the enhanced reac-
tivity of glycidyl ethers compared to EO in the anionic copoly-
merization. The impact of the crown ether-like complexation con-
sequently increased with reduced cation dissociation in less po-
lar media going from DMSO to THF. Supplementary calcula-
tions by density functional theory (DFT) support the presented
crown ether-effect, showing the stronger complexation with in-
creasing number of oxygen atoms comparing EO with ethylene
glycol spacer containing GEs (EO < AGE < EVGE).

Overall, the results disclose the underlying effects of the
slightly preferred glycidyl ether incorporation over EO. This is
crucial for the design of glycidyl ether-based copolymers since the
resulting microstructure is tunable to a certain extent by choice
of solvent as well as the introduction of ethylene glycol spacers
in the monomer structures. The monomer gradient governs the
behavior of the resulting materials in bulk or solution. In sum-
mary, this study provides in-depth insights in epoxide reactivity
with respect to the design of the respective monomers as well
as its solvent dependence. The results emphasize the vast value
of in situ experiments for the control of chemical properties via
precise tuning of polymer microstructures.

Supporting Information
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